INTRODUCTION
Tropical forests continue to receive immense attention as locations where the dictates of economic development and ecosystem conservation regularly clash. The few major areas of tropical forest are prized for the species habitat and the carbon storage they provide. However, clearing is ongoing and some deforestation is likely to continue given not only the local importance of development but also the difficulty of regulation. 1 In this setting, road networks may significantly shape the amount and spatial pattern of remaining forest.
The Amazon region features exceptionally high levels of biodiversity and its large forested area may play important roles within the global carbon and hydrological cycles. In the early 1960s, the national government began to build roads linking the Amazon to other parts of Brazil. Over 16 percent of Brazil's original (pre-Columbian) Amazonian forest has disappeared and current rates of forest loss are on the order of 2 million hectare per year. 2 Amazonia also currently features heated debate about new investments in roads. In 2000, a Brazilian-government initiative originally known as "Avanca Brasil" (Advance Brazil) called for paving an additional 7,500 km of highways in Amazonia. 3 Some plans are widely debated, such as paving the 900 km BR-163 highway, which would facilitate soy exports. 4 How much forest would be lost from such investments for development? Solid empirical answers to this question, based upon decades of observed investment and forest clearing, are relevant for policy choices in Amazonia and forests around the globe. Pfaff (1999) , an econometric analysis of 1970s and 1980s Amazon deforestation, found that greater road density in a county is associated with higher deforestation in that county and higher deforestation in neighboring counties as well. 5 Along the lines of this now "conventional wisdom," Laurance et al. (2001) presented scenarios for the Amazon based upon mechanical assump-Q2 tions about the impacts of infrastructure on forest cover. These suggested that, fully implemented, Avan ca Brasil would lead to the loss of 28 percent of the pre-Columbian forest by 2020 if "optimistic" and a loss of 42 percent if "nonoptimistic." 6 iRegulation may, in turn, permit contracts that would support forest, e.g., payments for carbon services. 2 Laurance et al. (2004) . 3 Laurance et al. (2001) ; Fearnside (2001) . " Nepstad et al. (2002) . ^ While not often testing explicitly for roads' effects on neighboring locations, many find similar results for other places (see, e.g., Chomitz and Thomas, 2003; Pfaff and Sanchez, 2004) . For the Brazilian Amazon, two such studies important to note here are Reis and Margulis (1991) as well as Reis and Guzman (1992) . 6 This assessment stimulated considerable debate, often focused upon the assumptions concerning impacts of new roads on forest cover. For debate, see e.g., do Amaral (2001), Goidanich (2001), Silveira (2001), and Weber (2001) . For alternative derivations of parameters from observed deforestation see, e.g., Stavins and Jaffe (1990) and Nelson and Hellerstein (1995) plus, for the Amazon, Reis and Guzman (1992) and Pfaff (1999). This contrasts with Andersen et al.'s (2002) econometric evaluation of census data for the Amazon. Concerning new road impacts on forest clearing, they give dramatically different conclusions. 7 They found not only that the impact of roads depends on the level of prior forest clearing but also, most dramatically, that given substantial prior clearing new roads reduce the rate of deforestation. This, they suggest, is because roads in these circumstances focus local development and draw it away from remaining forest tracts. Pfaff et al. (2006) re-evaluated Andersen et al.'s roads findings with more precise data. 8 Andersen et al. employed Brazilian county (or municipio) combinations for which census data can be collected across decades, resulting in a sample of 257 units (large on average though varied in size). Pfaff et al. (2006) used census tracts to have over 20 times as many observations for a similar regression approach based on past deforestation with statistical controls for nonroad influences on land use. They find that lowering transport costs via paved highways or unpaved roads increases deforestation in the census tract in which the road investment was made. Furthermore, at no level of prior clearing did new roads decrease clearing; in fact, the largest effects are in census tracts deforested 50-75 percent. 9 That Pfaff et al. (2006) used census tracts leaves open the possibility that new roads investments raise deforestation in census tracts receiving investments but lower it in other census tracts in that county. This paper addresses that possibility. Its robust finding is that road investments increase deforestation in nearby (<100 km) census tracts without roads.
To estimate the spatial spillovers from road investments in a given census tract, we join census-tract data on roads over time with satellite data on deforestation over time. We focus here on the earliest well-observed periods of Amazon deforestation and roads investment. This helps to avoid, as much as possible, the issue that the location of roads over time often followed upon past road investments. Thus we employ maps of the paved and unpaved roads networks (see paved in Fig 1) in 1968, 1975, and 1987 and use the 1968-1975 roads changes as explanatory variables for observed 1976-1987 deforestation, controlling for where roads already existed in 1968 and where they went in 1975-1987. 7 We note that their book addresses a wide range of issues, including the economic benefits from clearing of the forest, and it is not focused on roads. Their work advanced methodologically the study of Amazon deforestation. For instance, their use of lagged road changes to explain deforestation is applied here and the census data permits not only analysis across multiple decades but also a set of useful explanatory variables. Furthermore, they put significant effort into application of an objective method for choosing among regressions. 8 Pfaff et al. (2006) used the same approach as below but examined the census tracts where the roads are. 9 The number of census tracts observations was sufficient to break up the sample into four categories based on the percent of forest cleared prior to the deforestation being explains: 0 percent; 0-50 percent; 50-75 percent; 75-100 percent. "V The roads-clearing relationship is estimated in regressions with control variables, i.e., other factors expected to affect the net benefits from deforestation and thus its pace. These include ecological characteristics (rain, soil quality, slope, and distances to rivers) as well as distances to cities. All of these controls have been shown in previous research to have significant effects on deforestation. We also confirm here those previous results.
The increase in observations made possible by moving from counties to census tracts, from under 300 to over 6,000, permits another set of important control variables. We clearly do not observe all of the factors that drive local clearing rates across the basin. However our data permit the inclusion of separate effects for each county unit, 10 a major gain in controlling for the effects of potential unobserved drivers while examining roads.
We find that when a census tract receives a new road investment, either paved or unpaved, the deforestation rates in the neighboring census tracts within that tract's county increase for census tracts within 100 km. Thus, new roads increase neighboring clearing. 11 This spatial-spillover result is robust to a broad set of specification checks (see Tables) .
For census tracts at greater distances from the census tract receiving the new road, results are decidedly mixed. For tracts 100-300 km away we find some negative results, albeit of inconsistent significance, which raise the possibility that a road could lower the deforestation in its county. Beyond 300 km, if anything roads seem to increase clearing.
The rest of the paper is as follows. Section 2 provides a simple model of land clearing choice at the producer level, which respects the irreversibility of deforestation and can be aggregated to tract or county level. Section 3 describes the data. Section 4 provides our results, and finally Section 5 concludes with a summary and discussion.
MODEL
Like others (e.g., Stavins and Jaffe, 1990) we employ a dynamic theoretical model, though unlike others we emphasize irreversibility and spatial patterns in our empirical approach. Deforestation results from a decision by a risk-neutral land user on hectare j, selecting T, the time to clear, to maximize the expected present discounted value of returns from,/:
where: Sjt = expected return to forest uses of the land, affected by roads/transport cost; Rjt = expected return to nonforest land uses, affected by roads/transport cost; CJT = cost of clearing net of obtainable timber value; r = the interest rate.
Two conditions are necessary for clearing to occur at time t. Clearing must be profitable and, even if it is, (2) must hold since it could be more profitable to wait and clear at t+1:
(2) #,-, -S,,-r,Cj,, + dC,,/<& > 0
If a second-order condition holds, this necessary condition (2) is sufficient for clearing. 12 u This echoes Pfaff (1999) but is within-county, a result that can be found only with our more precise data. 12 It may be violated if environmental protection becomes more stringent and the returns to ecotourism rise. Our reduced form empirics can also be interpreted in terms of both (2) and the profit condition holding. Consistent with this model, we assume irr ever sibili tie s, as trees take time to grow and development changes the marginal returns to land use. Thus empirically we examine clearing of the standing forest, not assuming reforestation on previously cleared land, in contrast with the many analyses of stock of forest common in the empirical literature. 13 In the model deforestation occurs when condition (2) is satisfied for the first time. When this occurs differs across space due to differences in land quality, access to market and both exogenous and endogenous temporal shifts. As we observe forest loss in census tracts (i), aggregating the model predictions for these areas yields our empirical approach.
While our data for the drivers of deforestation are for census tracts, actual returns and changes in costs clearly vary across parcels in the census tract. We acknowledge that we do not measure the parcel net clearing benefits perfectly, such that clearing occurs if:
where e# is a parcel-year-specific term for the unobserved relative returns to forest, so:
Since Xu are the same for each parcel in a census tract, predictions are effectively for the tract rates of deforestation during a given time interval. These predicted clearing rates depend on the Xu as well as on the assumed distribution of the Eij t . If the cumulative distribution of the errors e# is logistic, then we will have a logit model:
(5) F%p) = (l/(l + exp%p))
For our data, we estimate this model using the minimum logit chi-square method known as "grouped logit." If hu is a tract's measured rate of forest loss, then we will estimate:
The variance of the ixu (referring to tracts) can be estimated by (1I In hn (1hit)), where In is the number of forested parcels in tract i at the beginning of interval t. The estimator is consistent and asymptotically normal. 14 This is estimated by weighted least squares.
DATA AND STRATEGY
We use highly detailed spatially explicit satellite data on forest, overlaid on maps, as well as spatially detailed data on roads and other factors that influence deforestation. Here, we describe the sources and characteristics of the data, and how we employ them.
Forest
Our analyses employ thousands of census-tract observations across space to study the drivers of deforestation for an eleven-year period, 1976 to 1987, following the first major era of highway expansion (see Fig 1 for 
Driving Factors
Roads and Neighboring Roads. We tracked the evolution of roads in each census tract. Digital road maps were developed in the Department of Geography at Michigan State University from paper maps by DNER (Departamento Nacional de Estradas de Rodagem), an agency within the Transport Ministry in Brazil. The digital maps that we use show the distribution of paved and unpaved roads for 1968, 1975, and 1987 . For these years, we measured the length of paved and unpaved roads for each 1996 Legal Amazon census-tract polygon. Then we calculated the changes in paved and unpaved road density during 1968-1975 and 1975-1987 . Thus we employ road investment variables, i.e., changes over time and not stocks, which means that each investment is evaluated by itself and not merged with past actions. This is a "lagged" measure, i.e., investments during 1968-1975 to explain 1976-1987 deforestation. That helps to address concerns with endogeneity since the observed actual deforestation between 1976 and 1987 has no impact on past road construction. 15 Furthermore, in our core regressions we will also drop the census tracts in which there were roads in 1968 (our earliest information) and in which there were road investments made during 1975-1987. The latter simultaneous change could affect deforestation rates. We also rerun those regressions with those tracts and using those roads as control variables.
From these measures of changes in road density within each of our census tracts, we calculate neighboring-road-density changes for each tract. Using centroid-to-centroid distances between census tracts, for 100 km-width rings out to 1,000 km around each tract we create neighboring-road variables. 16 For any given tract and a given neighboring ring, we sum the road investments occurring in tracts in that ring and divide by the tracts' area. To address others' county empirical results, we use only neighbors from the same county. We do this for all tracts for all rings for the 1968-1975 paved and unpaved investments.
Controls
We integrated maps of ecological conditions and distances to cities to control for their influences in testing our hypotheses about roads. The ecological variables are an index of soil quality, binary variables indicating slope categories (described in our Tables), and continuous rainfall data. 17 We also use the deforestation prior to 1976.
Our statistical approach exploits our numerous observations for implementation of "county-effect" controls for influences of unobserved factors shared by census tracts in the same county (e.g., soil qualities that are not within our data set and whose values are spatially correlated). This is a major advance in controls for potential nonroad factors, whose impact can be evaluated by comparing across the columns of our core Table 2 .
Distance to the nearest city (in km) is computed using both a set of 19 large cities (density over 100 people/km 2 ) and a set of 270 medium and large cities (density over 11 people/km 2 ). These distance variables are used to represent transport costs, to indicate a tract's proximity to a very large city, and to eliminate the census tracts closest to cities from the analysis. We do robustness checks for these drops (e.g., first column of Table 3 ).
Samples
One important choice was to drop census tracts, which received road investments during 1968-1975 or had roads in 1968 or received road investments during 1975-1987 . This is to focus upon the spillovers from neighboring roads, without any confusion due to roads within a census tract itself. However, we test robustness to using those observations (Table 3s second column, e.g., has all tracts except those with new roads in [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] .
Another important choice concerns those census tracts, which have no neighboring census tracts within one or more of the rings we are using for roads explanatory variables. Our core specification drops those observations. Since this leads us to drop over half our sample, we also include a robustness test (first column of Table 4 ) in which those census tracts are assigned a zero value for all the neighboring-road-rings variable(s) in question. An alternative way of addressing the issue of missing values is to drop from our specification the neighboring-ring variables that have the most missing values. Those are the rings further out (not surprisingly, as we employ only neighbors in the same county). The second through sixth columns in Table 4 drop, one by one, all but the closest ring.
RESULTS

Core Results for Roads
As seen in Table 2 , a robust result is that an investment in either a paved or an unpaved road increases the deforestation rate in the neighboring census tracts in the same county that lack roads but are within 100 km of the tract receiving that investment. The new road appears to increase the demand for outputs produced on cleared land in these neighbors. However, all three columns suggest the possibility that road investments lower the rate of deforestation in neighboring census tracts (with no roads) within 100 to 300 km. The significance of these variables is weak and inconsistent but still this is worth noting. Perhaps at this distance the local demand for outputs may mean less while opportunities for work created by the road investment might still migration from those census tracts.
Finally, for greater than 300 km there are some positive significant coefficients, i.e., some results suggest that neighboring roads are associated with higher deforestation in the census tracts that lack roads. These are relatively consistent across the columns of Table 2 , i.e., they are not dominated by the presence or lack of our county or state effects. Table 3 redoes the first column of Table 2 with changed sample. The first column of Table 3 uses distances to cities to exclude urban areas further. More specifically, about 1,000 census tracts within 20 km of the largest 270 cities are "All of the regressions above contained the same nonroad variables indicated in the first column of Table 2. dropped, instead of about 100 near to the largest 19 cities. 18 The result of this shift to a more rural sample is that the first, 0-100 km neighboring-road-ring coefficients are significantly lower. Thus the effect of neighboring roads in 'bringing the economy/demand to those tracts without roads' seems to be lower when the setting being considered is further from existing cities.
Drop or Add Locations
The second column adds the census tracts that had roads already in 1968 as well as those which received investments in roads during 1975-1987 (Table 2 considered only tracts without any roads by 1987). Thus, the effect of neighbor roads seems to be lower if there are roads present before the neighbor investment or during the time of deforestation.
Address Missing Values
Table 4's first column examines our choice to drop tracts that lack neighboring tracts in one or more of the rings we have included. In previous tables, if a census tract had no neighboring census tracts with centroids within 400-500 km, e.g., that tract would have a missing value for that ring and be dropped. This motivated our use of ">500 km" since using each 100-km-wide ring up to 1,000 km would have further limited the sample.
As a robustness check, we redid our neighboring-road variables with zeros when no neighboring tracts exist within a ring. This close to triples our sample. However, it does not appear to affect a great deal the nature of the results, looking across the rings. Table 4 's other five columns drop, one by one, the further rings. As they are the variables with most missing values, by the last column again the sample almost triples. Of greatest note is that while the coefficients vary for the 0-100 km ring, they are in the range seen in the earlier tables and that they are significant does not vary. The same cannot be said for the negative coefficients, although there are still some significant results within the 100-400 km range. The rings at the greater distances are harder to look at here, obviously. Again, though, 0-100 km positive significance is seen to be relatively robust.
CONCLUSION
We exploited very detailed data on deforestation and roads investments over time to provide estimates of spatial spillovers from road investments in the Brazilian Amazon. We found that deforestation rises in census tracts with no roads when a road investment occurs in a census tract in the same county, which is within 100 km. We also find negative coefficients, albeit of inconsistent significance, suggesting possibly reduced deforestation in tracts 100-300 km from tracts with road investments. At distances greater than 300 km, again some positive coefficients are significant and are relatively robust to specification.
This paper was motivated in part by the desire to compare results from the use of census-tract data with results from county data. Greater evidence in census-tract results of increased deforestation due to roads could, in principle, arise from neglect in tract results of spillovers across the tracts within a county. Our results suggest that spillovers are not an explanation for those differences. This motivation, though, led us to look at spillovers only in the same county. A focus on spatial spillovers could include all of the neighbors.
Future work could benefit from measuring distances directly to roads in some fashion. While this paper already required laborious spatial calculations based upon an overlay of roads maps on census tract, county and state boundaries, using the distance between census-tract centroids to measure proximity of neighboring roads has certain limitations. Since the procedure used here has produced novel, significant, and policy relevant results, extending the measurement of proximity in this way may have value.
Another natural extension would be in time, e.g., the use of more periods for both deforestation and road investments to explore these spatial effects in a dynamic setting. For instance, another road spillover to explore could be increased future neighbor roads.
